When multiple sources provide information about a precision of vision and proprioception predicts that quantity, and the goal is to minimize the uncertainty the weighting of the two senses varies with direction in the final estimate, the theoretically optimal way to and that the classical result should only hold for specombine the information is to weight each source by its cific spatial directions. Using an adaptation paradigm, precision, which is the inverse of its variance [2, 9, 10]. we show that, as predicted by this model, the visualWe will now show that the findings summarized above proprioceptive integration varies with direction. Variaare consistent with this. The precision of visual and tion with direction was so strong that, in the depth proprioceptive localization in a horizontal plane is nondirection, the classical result was reversed: the estiuniform (shown schematically as ellipses in Figure 1 ), mate relies more on proprioception than on vision.
Introduction in depth than in azimuth [11] . The shape of the visual ellipses results from the fact that it is more difficult for When multiple sources provide information about a the visual system to judge distance than direction [12, quantity, a single estimate of the quantity can be 13]; target direction can be derived from gaze direction, achieved by combining the information. For example, whereas target distance has to be derived from less we can both see and feel where our hands are, and this precise cues such as vergence and disparity [14, 15]. information is integrated to generate a single estimate
The precise shape of the visual ellipse also depends of where the hand is in space. The feeling of hand posion the viewing conditions and the vertical level of the tion is based on proprioceptive information, which we horizontal plane. The shape of the proprioceptive ellipdefine as the ensemble of sensory information from reses is mainly determined by the geometry of the arm ceptors in the muscles, skin, and joints. Integration of [11] . Since proprioceptive signals are related to joint visual and proprioceptive information has been studied angles, uncertainty in the finger position can be underextensively in experiments in which subjects view their stood from uncertainty in joint angles. For an almost hand through optical prisms [1, 3] . Prisms displace the extended arm, as shown in Figure 1 , uncertainty in both visual field and therefore induce a conflict between the the shoulder and elbow angles results in much more visual and proprioceptive signals about hand position. uncertainty in the finger position along the azimuth than Such a conflict can be used in different ways to estimate in the depth direction. the way in which visual and proprioceptive signals are Prisms induce a mismatch between vision and proprioception along the azimuth, a direction in which localization is "best" for vision and "worst" for proprio- The subject looked in the mirror, which was positioned midway between the tabletop and the projection screen. As a result, the table was occluded, but the image of the projection screen was seen in its place. The right arm was also occluded, but the motion tracker recorded the fingertip position, which could be presented to the subject as a red circle. During adaptation, the relationship between actual hand position and red circle position was perturbed by displacing the circle either in azimuth (leftward) or in depth (forward). Our paradigm measures visual and proprioceptive adaptation rather than weights. Since the modality weighted most heavily will adapt least [9] , the prediction is that ception. Therefore, the optimal integration hypothesis proprioceptive adaptation will be smaller in depth than predicts that, as observed, the integration should rely in azimuth. more on vision than on proprioception. The dependence of the weights on factors such as active versus passive movement of the hand and the available visual informaResults and Discussion tion [7] is also consistent with the hypothesis. Proprioceptive localization is more precise after active than Subjects pointed at visual and proprioceptive targets before and after they adapted to visual-proprioceptive after passive movement [16] , so the proprioceptive weight should be larger after active movement. Reducmismatches in the setup shown in Figure 2 . We measured visual and proprioceptive adaptation to mising the visual information will lead to less precise visual localization and therefore to a reduction of the visual matches in azimuth and in depth; that is, we measured how much the mean pointing responses toward visual weight.
More evidence for optimal integration has been oband proprioceptive targets changed during adaptation. Both in azimuth and in depth, our subjects showed tained by studying two-dimensional hand localization in a horizontal plane [2] . Since the relative precision of significant visual and proprioceptive adaptation in the expected direction (for all combinations of direction and vision and proprioception varies with direction (see Figure 1) , optimal integration can no longer be described modality, p Յ 0.01, one-tailed t tests). Next, we examined the relative proportions of visual and proprioceptive by single visual and proprioceptive weights. Instead, the whole two-dimensional precision is taken into account.
adaptation. In accordance with previous studies [1] , the ratio between proprioceptive and visual adaptation in The result is that the integrated estimate of hand position is predicted not to be on the straight line between the azimuth was 67:33 (left columns in Figure 3 ). In contrast, in the depth direction, the ratio between proprioceptive positions where it is localized on the basis of vision only and proprioception only (assuming these are different), and visual adaptation was 28:72 (right columns in Figure  3 ). As predicted by the optimal integration model, the but it will be off that line. This prediction has been confirmed experimentally [2] .
proprioceptive adaptation was significantly smaller in depth than in azimuth (one-tailed paired t test: t 13 ϭ 3.3, Here, we explicitly test whether the weighting of vision and proprioception varies with direction. Specifically, p Ͻ 0.003), demonstrating direction-dependent adaptation. Moreover, in depth, the visual adaptation was sigwe determine visual and proprioceptive adaptation to visual-proprioceptive mismatches in depth and in azinificantly larger than the proprioceptive adaptation (two-from experience. Multisensory areas of the brain such as the parietal lobes [17, 18] may perform the integrative computations required to achieve optimal integration.
Experimental Procedures
A total of 14 naïve subjects (6 females and 8 males) gave informed consent and participated in the study. All subjects participated in two adaptation sessions, an adaptation in azimuth and an adaptation in depth, in a counterbalanced order. Subjects sat at a large horizontal table, in a normally illuminated room, with their head supported by a chin rest (see Figure 2) . 
